Plant viruses elicit the expression of common sets of genes in susceptible hosts. Studies in Arabidopsis (Arabidopsis thaliana) and tomato (Lycopersicon esculentum) indicate that at least one-third of the genes induced in common by viruses have been previously associated with plant defense and stress responses. The genetic and molecular requirements for the induction of these stress and defense-related genes during compatible host-virus interactions were investigated with a panel of Arabidopsis mutant and transgenic plants defective in one or more defense signaling pathways. pad4, eds5, NahG, npr1, jar1, ein2, sid2, eds1, and wild-type Columbia-0 and Wassilewskija-2 plants were infected with two different viruses, cucumber mosaic virus and oilseed rape mosaic virus. Gene expression was assayed by a high-throughput fiber-optic bead array consisting of 388 genes and by RNA gel blots. These analyses demonstrated that, in compatible host-virus interactions, the expression of the majority of defense-related genes is induced by a salicylic acid-dependent, NPR1-independent signaling pathway with a few notable exceptions that did require NPR1. Interestingly, none of the mutant or transgenic plants showed enhanced susceptibility to either cucumber mosaic virus or oilseed rape mosaic virus based on both symptoms and virus accumulation. This observation is in contrast to the enhanced disease susceptibility phenotypes that these mutations or transgenes confer to some bacterial and fungal pathogens. These experimental results suggest that expression of many defense-related genes in compatible host plants might share components of signaling pathways involved in incompatible host-pathogen interactions, but their increased expression has no negative effect on viral infection.
Viruses are obligate pathogens that use various strategies to coopt cellular resources of compatible host plants to promote their infections. Compatible host-virus interactions result in systemic infections that are typically accompanied by the onset of disease symptoms. By contrast, incompatible interactions result in cessation of virus replication and movement at or near the sites of inoculation. In compatible hosts, viral invasion triggers numerous biochemical and physiological changes in cells, tissues, and even whole plants (Maule et al., 2002) . Among these are local and systemic changes in host gene expression. Some local changes occur in the cells where viruses are actively replicating and include both induction and shutoff of host gene expression (Wang and Maule, 1995; Aranda et al., 1996; Escaler et al., 2000; Havelda and Maule, 2000) . Other local changes in gene expression can happen in advance of or behind the viral replication front. For example, NADP-dependent malic enzyme was induced in uninfected cells surrounding virusinfected lesions, whereas catalase had altered expression in cells where viral replication had ceased (Havelda and Maule, 2000) . These virus-induced modifications in gene expression in cotyledons occur transiently and concomitantly with viral replication as it spreads cell to cell away from the site of inoculation.
These spatial and temporal studies involving in situ hybridization in cotyledons cited above were applied to only a handful of plant genes. To gain a more global perspective on how viruses alter host gene expression patterns, DNA microarrays and other genomics methods are beginning to be applied, albeit with less spatial resolution at this time. cDNA subtraction followed by macroarray analysis identified at least 55 tomato (Lycopersicon esculentum) genes that were differentially expressed after infection with two potato spindle tuber viroid strains. Functional classification of these genes suggested that they are involved in defense/stress response, cell wall structure, chloroplast function, and other diverse cellular processes (Itaya et al., 2002) . Expression patterns of Arabidopsis (Arabidopsis thaliana) genes in tobacco mosaic virus (TMV)-infected leaves showed significant alterations in cDNA microarray experiments (Golem and Culver, 2003) . Five different positive-stranded RNA viruses elicited the expression of common sets of genes in susceptible Arabidopsis plants in experiments utilizing Arabidopsis GeneChip probe arrays (Whitham et al., 2003) . About one-third of the genes induced in common by these viruses were associated with plant defense and stress responses. The association between virus and viroid infections and defense-related gene expression indicates that similar transcriptional responses occur in different hosts in response to these pathogens (Itaya et al., 2002; Whitham, 2004) . The time course of gene expression changes occurring in Arabidopsis leaves also revealed that host responses are coordinately regulated during infection by diverse viruses. Moreover, the similar kinetics by which different groups of defense or stress-related genes were induced suggested a common pathway or mechanism leading to their increased expression.
The mechanisms by which plant viruses alter the expression of different groups of host genes are beginning to be deciphered and in part have revealed the underlying causes of virus-induced symptoms (Whitham and Wang, 2004) . For example, the processing of micro RNAs can be disrupted by plant viruses leading to ectopic expression of their target genes and symptom-like plant phenotypes (Voinnet, 2001; Mallory et al., 2002; Kasschau et al., 2003; Palatnik et al., 2003; Chapman et al., 2004; Chen et al., 2004; Dunoyer et al., 2004) . It is unlikely that disruption of micro RNA processing will explain all of the alterations in plant gene expression and all of the symptoms that occur as a result of viral infections. Of particular interest to us were the mechanisms by which defense-related genes are induced during viral infections and the potential impact of the induction of these genes on the outcome of these interorganismal interactions. The signal transduction pathways controlling plant defense systems are mediated by signaling molecules, such as salicylic acid (SA), jasmonic acid (JA), and ethylene (ET). These molecules are required for expression of defense-related genes and development of resistance phenotypes, and they synergistically and antagonistically influence each other through an intricate network of regulatory interactions (Glazebrook, 2001; Kunkel and Brooks, 2002) . Several of the genes that function in SA-, JA-, and ETdependent defense signaling cascades have been identified and cloned in Arabidopsis (Glazebrook, 2001 ). In SA signaling, genes such as EDS1 and PAD4 have relatively early signaling functions downstream of R genes but upstream of SA (Zhou et al., 1998; Feys et al., 2001) . EDS5 and SID2 are likely to be involved in SA biosynthesis either indirectly or directly (Nawrath and Metraux, 1999; Wildermuth et al., 2001; Nawrath et al., 2002) . Along these lines, the NahG transgene, encoding a bacterial salicylate hydroxylase, prevents SA accumulation by degrading it into catechol and thus inhibits many plant defense responses (Gaffney et al., 1993; Delaney et al., 1994) . NPR1/NIM1 functions downstream of SA and these other mutants and the encoded protein is stimulated by SA to translocate to the nucleus where it interacts with TGA transcription factors that bind the TGACG motif and that lead to expression of pathogenesis-related (PR) and other defense genes (Kinkema et al., 2000; Fan and Dong, 2002; Mou et al., 2003) . In the JA and ET signaling pathways, JAR1 and COI1 are required for perception of JA accumulation and induction of marker genes like PDF1.2 (Pieterse et al., 1998) . EIN2 is required for ET perception and also the accumulation of marker genes like PDF1.2 (Pieterse et al., 1998) . In general, both JA and ET perception is required for an effective resistance response mediated by these molecules. Loss of either can result in enhanced susceptibility to some pathogens (Thomma et al., 1999; Norman-Setterblad et al., 2000) .
Since little is known about the signal transduction pathways that are involved in compatible plant-virus interactions, we were interested to expand our understanding of how the SA and JA/ET signaling pathways influence expression of host genes in susceptible plants and if either of these pathways play significant roles in basal antiviral defenses. To accomplish these objectives, pad4-1, eds5-1, NahG, npr1-1, jar1-1, ein2-1, and wild-type Columbia-0 (Col-0) plants were infected with cucumber mosaic virus strain Y (CMV-Y) and oilseed rape mosaic virus (ORMV). The expression of 388 selected genes, accumulation of viral RNAs, and disease symptoms were monitored. These studies were facilitated by recent development of a high-throughput gene expression profiling system using the cDNA-mediated annealing, selection, extension, and ligation (DASL) assay coupled with universal fiber-optic bead array matrices Shou et al., 2004) . The custom fiber-optic bead arrays enabled the parallel interrogation of a focused set of 388 genes in 126 samples. Analysis of the resulting data demonstrated that, in compatible host-virus interactions, the expression of the majority of defenserelated genes is induced by a SA-dependent, NPR1-independent signaling pathway with a few notable exceptions that did require NPR1. Interestingly, none of the mutant or transgenic plants showed enhanced susceptibility to either CMV-Y or ORMV based on both symptoms and virus accumulation. This observation is in contrast to the enhanced disease susceptibility phenotypes that these mutations or transgenes confer to bacterial and fungal pathogens (e.g. Nawrath and Metraux, 1999; Dewdney et al., 2000; Ton et al., 2002) . These experimental results suggest that expression of many defense-related genes in compatible host plants might share a common signaling pathway with incompatible host-pathogen interactions, but their increased expression has no negative effect on viral infections in Arabidopsis. Our previous work demonstrated that genes associated with plant defense responses, including PR genes, are induced in compatible Arabidopsis leaves during virus infection (Whitham et al., 2003) . The expression profiles of these genes along with other genes that were not obviously related by function suggested coordinated induction in response to diverse RNA viruses despite the lack of specific recognition that would occur in an R-gene-mediated incompatible interaction. The coordinated induction of defenserelated genes in compatible host-virus interactions led us to investigate the mechanism(s) underlying their regulation as well as the effects of their induced expression on virus accumulation and symptomatology in Arabidopsis. We hypothesized that the induction of many genes in response to viruses was regulated by a known signaling pathway possibly involving SA, JA, and/or ET as a key signaling molecule. To investigate these possibilities, leaves of pad4-1, eds5-1, npr1-1, jar1-1, and ein2-1 mutants, NahG transgenic, and Col-0 wild-type plants were mock inoculated or inoculated with CMV-Y or ORMV. In each of the 3 independent replicates of this experiment, 4 fully expanded rosette leaves were inoculated on each of 3 plants that were at growth stage 3.00 to 3.50 as defined by (Boyes et al., 2001) . The inoculated and mock-inoculated leaves were collected at 2 and 5 days after inoculation (DAI) for RNA extraction. At these time points, the inoculated leaves and upper uninoculated leaves were symptomless on all the plants, as expected.
To interrogate Arabidopsis gene expression in response to ORMV and CMV infections in the defense signaling mutants, we used a recently developed gene expression method called the DASL assay . In this assay, total RNA is first converted to cDNA using biotinylated oligo(dT) and random hexamers. The biotinylated cDNA is then attached to a streptavidin solid support, and query oligos are annealed to their target sequences in the cDNA. Currently, 3 nonoverlapping sites (probes) are targeted per gene, and up to 500 genes can be assayed in a single DASL reaction . In this study, the expression of 388 genes was assayed. Most genes were selected for this microarray because they were up-or down-regulated by at least 2-fold in response to viral infections in our previous microarray experiments (Whitham et al., 2003; S. Whitham, unpublished data) . The list of genes that were assayed and the sequences of each of their three corresponding unique target sites (probes) are provided in Supplemental Table I along with hybridization and negative controls. Average signal values were computed for each gene by determining the mean signal for the three representative probes. Our previous study showed that three probes per gene lend the assay enough sensitivity and reproducibility for quantitative detection of differential expression Fan et al., 2004) . The query oligos are designed in a way in which they all share common primer landing sites, so that one PCR primer pair is used to amplify all the annealed and amplifiable templates and generate amplicons of similar size (approximately 100 bp). This uniformity minimizes potential bias during amplification of many different targets.
To allow the use of universal microarrays, the query oligos also contain a unique address sequence that is associated with each targeted site. This address sequence allows the amplified product, which is labeled during PCR with a fluorescent primer, to hybridize to a microarray bearing the complementary address sequences. The DASL assay used 100 ng of total RNA to analyze the 388 genes, 5-to 100-fold less than that required by quantitative PCR, which usually takes 2 to 50 ng per reaction (per gene). All these advantages make it an ideal platform for validation of candidate genes or for studying the transcriptional regulation of preselected gene sets derived from initial genomewide screenings, such as in this study.
The fiber-optic bundles are assembled into an array matrix (Sentrix Array Matrix, Illumina, San Diego) comprising 96 bundles (i.e. arrays) arranged in an 8 3 12 matrix that matches the dimensions of standard microtiter plates. This arrangement allows simultaneous processing of 96 samples at once, which permits rapid analyses of expression patterns in hundreds of samples. The 63 RNA samples (3 treatments 3 7 genotypes 3 3 biological replicates) from each time point were grouped together on separate 96-well plates (126 total samples) for labeling by the DASL procedure and hybridization to array matrices. For details on labeling, hybridization, and scanning, see ''Materials and Methods'' (see also Fan et al., 2003) . After scanning, background subtraction was performed and then an average signal was computed for each gene based on the signals from the three probes. The backgroundsubtracted data is provided in Supplemental Table II , A and B. The cubic splines method was used to normalize the average signals across 96 arrays within each array matrix (Workman et al., 2002) .
A linear mixed-effects model was fit to the data, ANOVA was used to compute an F-statistic, and then P values were assigned to each gene in the normalized data set. We first analyzed the data to identify the genes that had expression patterns that were significantly altered by plant genotype (P , 0.01). This analysis identified 187 and 176 genes from the 2 and 5 DAI data sets, respectively. Extensive overlap between the resulting gene lists was expected, and indeed 133 genes were present at both time points. In total, this analysis indicated that the expression of 230 of the 388 Arabidopsis genes on the array was significantly affected (P , 0.01) by genotype of the plants at one or both time points.
To understand how genotype affected the expression of these 230 genes in the context of virus treatment, their expression profiles were grouped using average linkage-hierarchical clustering, and the output was viewed with the TreeView program (Eisen et al., 1998) . This analysis revealed two major clusters of genes with either increased or decreased signals after infection by CMV-Y and/or ORMV in wild-type Col-0 plants (Supplemental Fig. 1 ). CMV-Y and ORMV elicited similar patterns of gene expression at the 2-DAI time point. However, at 5 DAI, ORMV caused overall greater increases or decreases in the expression of these genes relative to CMV-Y-infected Col-0 leaves. At 5 DAI, the expression of many genes might have been returning to near-basal or marginally induced levels in the CMV-Y infections. These observations are confirmed by calculating the P values for pairwise comparisons of gene expression between ORMV-or CMV-Y-infected Col-0 plants versus mock-infected Col-0 plants. The P values for CMV-Y are typically more significant at 2 DAI than 5 DAI and the P values for ORMV are typically more significant than the P values for CMV, especially at 5 DAI (Table I; Supplemental Table III) . The more robust responses to ORMV are consistent with our previous observations using the Arabidopsis 8K GeneChip probe array (Whitham et al., 2003) .
Effects of NahG Transgene on Genes Induced by Viral Infection and Affected by Genotype
Here, we focus on genes that were induced in response to CMV-Y and/or ORMV at 2 and 5 DAI in wild-type plants and that had expression profiles that were significantly altered in one or more of the mutant genotypes (P # 0.01). Hierarchical clustering of these genes at 2 and 5 DAI is shown in Figure 1 , A and B, respectively. Prior to clustering, the expression values of each gene were centered relative to its mean signal among all samples. In Figure 1 , the magenta-colored boxes represent expression values in samples that were above the mean, green represents expression values in samples that were below the mean, and black represents samples in which the gene expression level was near the mean. By using this strategy it is possible to visualize relative transcript levels across all samples, because the intensity of the magenta or green correlates to the degree that expression was above or below the mean, respectively. For example, the magenta coloring in the Col-0 CMV-Y and ORMV samples compared to the green in the Col-0 mock illustrates that expression was higher in the virusinfected samples. Thus, the expression of these genes was induced in response to CMV-Y and ORMV. However, their induction was significantly diminished or abolished or in one or more mutant genotypes (specific examples provided in Table I; Supplemental  Table III) . NahG plants provided the most striking example of this. At both 2 and 5 DAI, expression of these genes was similar in mock-, CMV-Y-, and ORMV-inoculated NahG plants, indicating that there was weak or no induction in response to these viruses, which is in contrast to virus-infected Col-0 leaves (Fig.  1, A and B) . Furthermore, these genes typically had lower basal expression levels in the NahG mockinfected plants when compared to the Col-0 wildtype mock-infected plants. Since the accumulation of SA is impaired in the NahG plants, these data suggest that SA is required for the induction of this set of genes during viral infections and for maintenance of their basal expression levels.
Effects of NahG and Mutants on Basal Expression Levels of Virus-Induced Genes
The sensitivity of the DASL assay allowed us to examine the basal expression levels of these genes, which is typically not possible by RNA gel blots or other array-based technologies. To further examine the effects of genotype on basal expression, we plotted the expression values of some selected genes at 2 and 5 DAI (Fig. 2) and determined P values of each gene for pairwise comparisons of the mock-inoculated Col-0 versus each of the mock-inoculated mutants (Supplemental Table IV ). The expression of PR-1, Bgl2, and PR-5 was consistently lower in mock-inoculated NahG plants versus mock-inoculated Col-0 plants (Fig. 2) . Expression of PR-1 and Bgl2 was significantly lower (P , 0.01) in mock-inoculated NahG plants than in Col-0. PR-5 was consistently lower in NahG plants, but the biological variability did not result in a P , 0.01. As shown in Supplemental Table IV, 27 of these 65 genes have P , 0.01 for the mock-infected NahG versus the Col-0 suggesting that SA is an important component in determining their basal expression levels. Furthermore, PR-1 and another gene, At2g14560, have a strong requirement for EDS5 and NPR1 for their basal accumulation levels (Fig. 2) . Thus, SA and other components Figure 1 . Expression profiles of genes that are induced by CMV-Y and ORMV by an SA-dependent mechanism. This set of genes has expression profiles that were significantly affected by one or more plant genotypes and were induced in response to CMV-Y and ORMV infection in wild-type plants. A, Genes that were induced at 2 DAI. B, Genes that were induced at 5 DAI. The columns represent genotypes and treatments, and the rows represent genes. Each colored box represents the average signal of a gene for three replicates in the indicated sample. The expression data for each gene were mean centered prior to average linkage-hierarchical clustering and the results were displayed using the TreeView program. Magenta indicates samples in which the gene was expressed above the mean for the 21 treatments, black represents samples in which expression was at or near the mean, and green represents expression below the mean. The intensity of color corresponds to the degree to which expression was above or below the mean. M, Mock inoculated; C, CMV-Y infected; O, ORMV infected. Genes are listed by their Arabidopsis gene index designation. of defense signaling pathways are not only required in the induction process but function in maintaining some steady-state level of expression.
Effects of ein2 and jar1 Mutants on Genes that Are Induced and Regulated by SA Inspection of Figure 1 reveals some distinct profiles of gene expression among the remaining mutant genotypes. To further examine the relationships of the expression profiles for the different combinations of treatment and genotype, we used average linkagehierarchical clustering to group the samples at 2 or 5 DAI (Fig. 3) . jar1 mock-infected plants do not cluster with other mock-infected plants at 2 or 5 DAI. At 5 DAI, jar1 mock-infected plants are most similar to jar1 plants inoculated with CMV-Y, and ein2 mock-inoculated plants are most similar to ein2 plants inoculated with CMV-Y. This point is illustrated best in Figure 1 ; here, the ein2-1 and jar1-1 mock-inoculated samples have overall higher basal levels of expression (less intense green) when compared to the Col-0 mock-inoculated sample. This was not the case for mock-inoculated samples of the other mutants. This is also illustrated in Figure 2A , in which the average signal values for PR-1 are plotted. PR-1 was the gene most significantly affected by the jar1 and ein2 mutations. In the mockinfected plants, PR-1 expression is significantly higher compared to wild-type plants (P , 0.01; Supplemental Table IV) , and its induced levels in jar1 mutants are significantly higher than virus-infected Col-0 plants (P , 0.01; Table I ). Thus, EIN2 and JAR1 repress the expression of PR-1. This observation is consistent with cross talk between the SA and JA/ET pathways that has previously been described in incompatible hostpathogen interactions (Glazebrook, 2001; Kunkel and Brooks, 2002) , although it appears some sets of genes, including PR-1, are more strongly affected by cross talk than other sets, including PR-5 and Bgl2.
Effects of eds5, npr1, and pad4 Mutants on Genes That Are Induced and Regulated by SA At 2 DAI, the CMV-Y-and ORMV-infected npr1-1 samples cluster with their Col-0 counterparts (Fig. 3A) , indicating that early expression of these genes is not dependent on NPR1. However, at 5 DAI the CMVinfected npr1-1 sample clusters with NahG and mockinfected samples (Fig. 3B) , indicating that sustained induction of these genes in response to CMV-Y requires NPR1. The ORMV-infected npr1-1 sample clusters with the corresponding eds5-1 treatment. As illustrated in Figure 1B , the overall expression of genes in response to ORMV in these 2 mutants is reduced compared with the ORMV-infected Col-0 plants. These results suggest a partial requirement for NPR1 in the virus-induced expression of this set of genes, especially at the 5 DAI time point. pad4-1 mutants cluster with other infected plants at 2 DAI (Fig. 3A) and cluster with their corresponding infected wild-type Col-0 samples at 5 DAI (Fig. 3B ). This indicates that PAD4 has less effect on the expression of defense-related genes, although its function is needed for maximal induction in compatible host-virus interactions.
Accumulation of CMV-Y and ORMV in Defense Signaling Mutants
The dramatic effects of an SA-mediated signaling pathway on host gene expression profiles in these compatible host-virus interactions led us to investigate if any of the corresponding signaling mutants had a significant effect on the accumulation of CMV-Y or ORMV. For both viruses, the 2-DAI time point is within the interval when virus accumulation is increasing rapidly with time, and 5 DAI represents a relatively late time point at which the accumulation rate is decreasing. To further investigate the susceptibility of these plants to CMV-Y and ORMV, northern-blot hybridization was used to determine the accumulation of viral RNAs in inoculated leaves of each of the seven Arabidopsis genotypes. Displayed in Figure 4 are data from a single biological replicate illustrating that the accumulation of ORMV and CMV-Y genomic and subgenomic RNAs was not enhanced at 5 DAI in mutant and NahG lines compared to Col-0 wild-type plants. Conclusions from these northern-blot data were supported by quantitative real-time PCR assays performed on the virus-infected mutant and wild-type RNA samples at 2 and 5 DAI. Among the three replicates of this experiment, CMV-Y and ORMV did not accumulate to significantly higher levels in the mutants compared to Col-0 at early or late time points (P . 0.15 for all mutants; Supplemental Table V) . In each replicate, a set of mock-and virus-inoculated plants was also saved and monitored for symptoms through 14 DAI. However, no consistent differences in symptoms were observed on the mutants or NahG plants in comparison to wild-type Col-0 plants (data not shown). To ensure that all plants had the expected Figure 3 . Hierarchical clustering of samples at 2 and 5 DAI. Samples were grouped by average linkage-hierarchical cluster using the expression data from the genes listed in Figure 1, A or B. genotype, we confirmed the sequence of the corresponding mutant alleles by sequencing PCR products amplified from mutant and wild-type genomic DNA samples. Taken together, these results suggested that the basal susceptibility of Arabidopsis to CMV-Y and ORMV was not significantly enhanced when the SA-, JA-, or ET-dependent signaling pathways were disrupted, which is unlike the case for bacterial and fungal pathogens (e.g. Nawrath and Metraux, 1999; Dewdney et al., 2000; Ton et al., 2002) .
Expression of Defense-Related Genes in sid2 and eds1

Mutants in Response to Virus Infection
To extend our findings and confirm the requirement for SA in the expression of the defense-related genes, we inoculated sid2-1 and eds1-1 mutants with ORMV and CMV. sid2 was of particular interest, because it is deficient in SA biosynthesis (Wildermuth et al., 2001) . Total RNA extracted from these plants at 5 DAI was hybridized to coat protein (CP) probes from the two viruses and Bgl2 or PR-5. As with the other mutants, accumulation of these viruses was not enhanced in the mutants compared to wild-type plants (Fig. 5A) . Hybridization with the Bgl2 and PR-5 probes demonstrated that induction of these genes was abolished or significantly reduced in infected mutants compared to infected wild-type plants (Fig. 5B) . PR-5 expression was not detected by RNA gel blot in the Wassilewskija (Ws)-2 background after virus infection, and thus it was not included for eds1 in Figure 5B . Nevertheless, these data support the conclusion that compatible viruses elicit changes in Arabidopsis gene expression that requires SA and signaling components upstream of it such as EDS1.
DISCUSSION
We explored the functions of signal transduction pathways involving SA, JA, and ET in mediating responses to infection in compatible host-virus interactions. This research was aided by an emerging technology, a fiber-optic bead array coupled with the DASL assay , that allowed us to analyze the expression of a focused set of 388 genes among 7 Arabidopsis genotypes that were mock inoculated or infected by either CMV-Y or ORMV. Most of the 388 genes had been previously identified by a global expression-profiling approach that enabled us to catalog genes that were coordinately up-or downregulated in response to diverse viral infections in wildtype Col-0 plants (Whitham et al., 2003; S. Whitham, unpublished data) . Subsequently, we were interested in establishing the signaling pathways that mediate the altered expression profile of coregulated genes in compatible host-virus interactions. Our strategy is consistent with the systems biology approach described by Katagiri (2003) in which one round of profiling and interpretation leads to subsequent rounds of profiling designed to analyze each interpretation in more detail.
The experimental design allowed for statistical analysis of the bead array data using a linear mixed-effects model as opposed to using a fold change cutoff. The use of a strict fold change cutoff is not appropriate for this gene expression assay or other types of microarray analysis, because they tend to underestimate fold change (Yuen et al., 2002; Fan et al., 2004) . Our statistical analysis of the data enabled us to identify genes with expression patterns that were significantly altered in one or more genotypes. Hierarchical clustering enabled us to visualize the relationships between the treatments, genotypes, and time points. Here, we focused on 65 genes, many of which were previously associated with plant defense responses, which were induced in response to CMV-Y and/or ORMV at 2 and/or 5 DAI in wild-type Col-0 plants. In general, ORMV induced the most robust changes in the expression of these genes, which is consistent with our previous observations (Whitham et al., 2003) . Induction of these 65 genes was severely compromised in NahG transgenic plants (Fig.  1 ) and in sid2 mutants (Fig. 5) , demonstrating that this response is dependent on SA.
Previous studies have demonstrated that SA synthesis is not induced in tobacco (Nicotiana tabacum) or Arabidopsis in response to compatible viruses. For example, tobacco plants carrying the N gene conferring TMV resistance rapidly accumulate free and conjugated forms of SA following virus infection at temperatures permissive to the resistance response. In contrast, these same N plants do not develop a resistance response at 32°C, allow systemic TMV infection, and do not accumulate additional free or conjugated forms of SA (Malamy et al., 1992) . Along a similar line, Arabidopsis plants of the Dijon-17 ecotype that carry the HRT gene required for turnip crinkle virus (TCV) resistance dramatically accumulate SA during the first 3 DAI. In contrast, TCV infection in the Dijon-3 ecotype or other susceptible plants derived from populations segregating for HRT did not accumulate SA any differently than mockinoculated control plants (Dempsey et al., 1997) . Based on these studies, it is unlikely that SA accumulation was induced in response to ORMV or CMV-Y in the susceptible Col-0 or Ws-2 ecotypes. Thus, the basal levels of SA that are present in the leaves of wild-type plants are sufficient to mediate expression of defenserelated gene sets in compatible host-virus interactions.
It was also noteworthy that the basal expression levels of many of these defense-related genes were lower in the mock-inoculated NahG plants compared to wild-type Col-0 plants. This observation suggested to us that not only is SA important for induction of the defense-like responses, but in the absence of pathogen attack, SA may sustain basal levels of genes associated with resistance responses and keep the defense system primed. We were able to identify this role for SA, because the sensitivity of the DASL gene expression assay allows detection of low-abundance transcripts that are below the threshold of widely used assays such as RNA gel blots and other microarray techniques (Yeakley et al., 2002; Fan et al., 2004) .
In addition to SA, plant responses to pathogen infections are controlled by JA, ET, and several other regulatory genes. A role for JA and ET in the induction of these genes was excluded by using the ein2 and jar1 mutants, which are insensitive to ET and JA, respectively. These mutants are also compromised in their resistance to certain bacterial and fungal pathogens and fail to express defense marker genes such as PDF1.2 (Pieterse et al., 1998; Thomma et al., 1999) . Neither the ein2 nor jar1 mutants prevented the induced expression of the SA-dependent genes, and in cases like PR-1, these mutants enhanced the basal and induced expression levels. Thus, JA and ET are not required for induction of these genes and in some cases may be antagonistic to their expression. This observation is consistent with the complex cross talk that occurs between these pathways in which JA and ET antagonize SA-induced expression of genes associated with plant defense responses (Petersen et al., 2000; Kloek et al., 2001; Li et al., 2004) . Many other studies have also demonstrated that SA is antagonistic to responses mediated by JA and ET (Clarke et al., 1998 (Clarke et al., , 2000 Dewdney et al., 2000; Gupta et al., 2000; Jirage et al., 2001) . One measure of this is enhanced expression of PDF1.2 in response to pathogen infection in mutants or transgenic plants that do not accumulate SA. In our experiments, there was no significant expression of PDF1.2 in NahG plants or sid2 mutants after virus infection, providing further evidence that the JA and ET defense signaling pathway is not activated in compatible host-virus interactions in Arabidopsis.
Despite the significant negative effects of the defense signaling pathway mutants related to SA on basal expression of and induction of numerous defense-related genes in compatible virus infections, there was not a concomitant enhancement of susceptibility to CMV-Y or ORMV. None of the mutants tested accumulated significantly more viral genomic or subgenomic RNAs than wild-type Col-0 plants (Figs. 4 and 5A; Supplemental Table V) nor did they develop more severe symptoms (data not shown). These results suggest that the components of the SA, JA, and ET signaling pathways that were examined do not confer basal resistance to CMV-Y and ORMV nor do they have roles in symptomatology. We conclude that the lack of functional systemic-acquired resistance (SAR) or induced-systemic resistance pathways does not necessarily confer enhanced susceptibility to infection by ORMV and CMV. This is in contrast to the important role of SA in gene-for-gene types of resistant host-virus interactions that involve the hypersensitive response. For example, the N-, HRT-, and RCY1-mediated resistance responses to TMV, TCV, and CMV-Y, respectively, have an absolute requirement for SA (Friedrich et al., 1995; Kachroo et al., 2000; Takahashi et al., 2002) . In the absence of SA, these viruses are not contained by an effective resistance response. In addition, SA treatment of plant tissue or the onset of SAR results in inhibition of viruses (Chivasa et al., 1997; Naylor et al., 1998; Murphy and Carr, 2002) . Based on the requirement for SA in these incompatible interactions, it is interesting that depletion of SA does not cause plants to become more susceptible to infection. It is possible that the viruses counteract these defense responses in compatible host-virus interactions similar to the ways that they suppress RNA silencing. Alternatively, gene silencing or other antiviral mechanisms like down-regulation of host mRNA translation could be more limiting to virus replication and movement. In this scenario, the effects of disrupting the SA-mediated defense-like responses could be masked by more robust antiviral defenses. Finally, this ineffective response may simply lack some quality, such as speed and/or magnitude, needed to halt virus infection as occurs in robust R gene-mediated defenses (Tao et al., 2003) . Of course, other possibilities cannot be ruled out, but we expect that the described scenarios could be tested with the appropriate combinations of Arabidopsis mutants.
Overall, we propose the following model that incorporates elements from our studies and others to explain the transcriptional behavior of the set of genes investigated here. In the absence of an Avr/R gene interaction, virus invasion is somehow detected and then this information is relayed through PAD4 and EDS1. The response that is initiated requires SA to potentiate and sustain it, but appears to result from both NPR1-independent early events and later events that are both NPR1-dependent and -independent. Basal levels of SA are sufficient to activate defenseassociated genes through both NPR1-dependent and NPR1-independent pathways. NPR1, EDS5, SID2, EDS1, PAD4, and SA are required for maximal accumulation of the transcripts. EDS5 and SID2 are likely to be involved via their roles in SA biosynthesis, whereas NPR1, EDS1, and PAD4 are involved in the signaling functions. The existence of the NPR1-independent pathway leading to PR gene expression has been noted by others in host responses to bacterial and fungal pathogens (Glazebrook et al., 1996; Reuber and Ausubel, 1996; Shah et al., 1997; Clarke et al., 2000) . In virus-host interactions, the Arabidopsis ecotype Dijon-17 confers resistance to TCV through an undefined SA-dependent pathway that does not involve NPR1, ET, or JA (Kachroo et al., 2000) . The genetic and molecular requirements of the responses that were observed in the compatible interactions have similarities to this TCV resistance response. It is possible that components of this signaling pathway function in both incompatible and compatible host-virus interactions. Regardless of how the expression of these defense-related genes is activated, the resulting response has little or no negative effects on viral pathogenesis in compatible Arabidopsis plants (Fig. 4) .
The data described here provide insight into a signaling pathway that accounts for one major facet of the gene expression changes elicited during compatible host-virus interactions. Many genes were induced that were not affected by the signal transduction pathways investigated here. This is apparent, because not all the induced genes were significantly affected by one of the plant genotypes that were tested. We also noted that many Arabidopsis genes were down-regulated by virus infection. Although our preliminary analyses suggest that one or more of the genotypes tested might perturb the expression of some of the down-regulated genes, more experiments are needed to clarify the mechanisms involved.
MATERIALS AND METHODS
Preparation of Virions
ORMV and CMV-Y were propagated in tobacco (Nicotiana tabacum) cv SR1 (nn genotype) and tobacco cv Xanthi nc (NN genotype), respectively. The virions were purified as previously described (Chapman, 1998; Roossinck and White, 1998) , aliquoted, and stored at 220°C.
Plants of each genotype were also mock inoculated with phosphate buffer alone. Leaves from 3 plants were harvested at 2 and 5 DAI, snap frozen in liquid nitrogen, and stored at 280°C. For each treatment and genotype, 3 additional plants were kept for symptom observation until 14 DAI. The three biological replicates of these experiments that were performed were consistent with a randomized complete block design. In total, 126 independent samples were collected for RNA extraction and array analysis.
RNA Extraction
Total RNA was isolated using a modified TRIzol method (38% saturated phenol, pH 4.3, 0.8 M guanidine thiocyanate, 0.4 M ammonium thiocyanate, 0.1 M sodium acetate, and 5% glycerol; Chomczynski and Sacchi, 1987) . Leaf tissue was ground in liquid nitrogen, 10 mL of TRIzol solution (preheated to 60°C) was added per 1 g of tissue, and samples were mixed vigorously and incubated at 60°C for 5 min. Next, 2 mL of chloroform was added and samples were vortexed and incubated at room temperature for 5 min. Samples were centrifuged at 15,000g for 15 min at 4°C, and then the upper aqueous layers were collected and transferred to new tubes. RNA was precipitated by adding 0.5 volume of isopropanol and 0.5 volume of 0.8 M sodium citrate/1.2 M sodium chloride and pelleted by centrifugation at 15,000g for 10 min at 4°C. Pellets were washed in ice-cold 75% (v/v) ethanol and centrifuged at 6,000g for 5 min at 4°C. Air-dried RNA pellets were dissolved in 300 mL of diethyl pyrocarbonate-treated water, and the concentration of each sample was determined spectrophotometrically and validated by agarose gel electrophoresis and ethidium bromide staining.
RNA Gel-Blot Analyses
Total RNA, 2.5 mg, was diluted to 11 mL with diethyl pyrocarbonate-water, mixed with 4.5 mL 100 mM sodium phosphate, pH 7.0, 22.5 mL dimethyl sulfoxide, and 6.6 mL 6 M glyoxal (deionized pH . 5), and incubated 1 h at 50°C. Next, 6 mL of glyoxal-loading buffer (10 mM sodium phosphate, pH 7.0, 0.25% [w/v] bromphenol, 0.25% [w/v] xylene cyanol, and 50% [v/v] glycerol) was added to RNA samples. RNA samples were electrophoresed at 4 V cm 21 in a 1%
(w/v) agarose gel in 10 mM sodium phosphate running buffer, pH 7.0. Gels were rinsed with distilled water and equilibrated in 10 gel volumes of 20 3 SSC (3 M sodium chloride and 0.3 M sodium citrate) for 45 min. RNA was transferred to nylon membranes (Zeta-probe GT, Bio-Rad Laboratories, Hercules, CA), which were washed in 20 mM Tris-HCl, pH 8.0, at 65°C to remove glyoxal after transfer, and UV cross-linked (1,200 Js cm 22 ).
The following oligonucleotide primer pairs were used to amplify the ORMV and CMV CP genes, BGL2, PDF1.2, and the 18S ribosomal RN:. ORMV CP FP (5#-TCACCCATGGTTTACAACATCACGAGCTCG-3#), ORMV CP RP (5#-CACTTCTAGACTATGTAGCTGGCGCAGTAGCC-3#), CMV CP FP (5#-TCATCCATGGCTTTCCAAGGTACCAGTA-3#), CMV CP RP (5#-CATAT-CTAGACTAAAGACCGTTAACCACCTGCG-3#), 18S rRNA FP (5#-GAC-AGACTGAGAGCTCTTTCTTGA-3#), 18S rRNA RP (5#-ACGTAGCTAGTTA-GCAGGCTGAG-3#), BGL2 FP (5#-TCAACAGCTATAGCCACTGACAC-3#), BGL2 RP (5#-CTATCACTGGTTCGAGAAAGCTC-3#), PDF1.2 FP (5#-AAT-GAGCTCTCATGGCTAAGTTTGCTTCC-3#), and PDF1.2 RP (5#-AATCCA-TGGAATACACACGATTTAGCACC-3#; Penninckx et al., 1996) . The Prime-A-Gene labeling system (Promega, Madison, WI) was used to label PCR products with 32 P-dCTP for hybridization. Hybridizations and washes were performed as described in the protocol accompanying the Rapid-Hyb buffer (Amersham, Buckinghamshire, UK). Radioactive signals were detected by exposure to x-ray film (Eastman-Kodak, Rochester, NY) or phophorimaging screen (Molecular Dynamics, Sunnyvale, CA). Membranes to be reprobed were stripped by washing twice with 0.13 SSC/0.5% (w/v) SDS at 95°C for 30 min.
Gene Expression Measurements by DASL Assay and Fiber-Optic Bead Array Matrices
A set of 388 genes was selected for microarray analyses based upon previous experiments that identified genes that were up-or down-regulated in response to virus infection using Affymetrix GeneChip probe arrays (Whitham et al., 2003; S. Whitham, unpublished data) . A custom oligo pool was made for the 388 genes and was used in conjunction with a universal array matrix (Sentrix Array Matrix, Illumina), comprising 96 arrays arranged in an 8 3 12 matrix that matches the dimensions of standard microtiter plates . This arrangement allows simultaneous processing of 96 samples using standard robotics. For each of the 388 genes, 3 unique target sites were chosen and corresponding query oligonucleotides were synthesized. A complete list of the genes and their corresponding probes along with negative and hybridization controls are provide in Supplemental Table I . Array manufacturing, sample preparation, and hybridization were performed as previously described . Total RNA samples isolated from Col-0, pad4-1, npr1-1, eds5-1, ein2-1, jar1-1, and NahG leaves that were either mock-, CMV-Y-, or ORMV-infected were labeled for hybridization to the bead arrays using the DASL assay . Briefly, cDNA was synthesized from total RNA (100 ng) with a 20-mL reverse transcription reaction containing a reaction mix (MMC; Illumina) and immobilized onto a solid phase. Gene-specific query oligonucleotides were annealed to the cDNA, ligated, and finally amplified with a Cy-3 labeled universal PCR primer. Labeled PCR products were then hybridized to bead array matrices. Arrays were washed and then imaged using a BeadArray Reader 1000 scanner (Illumina; Barker et al., 2003) . Image analysis and data extraction software were as described (Galinsky, 2003) . Signal intensity was normalized across each 96-well array matrix using the cubic splines method (Workman et al., 2002) . Average signal values were computed for each gene in each sample by determining the mean signal for the three representative probes .
Statistical Analysis of Bead Array Data
To determine which of the 388 genes monitored by the bead array were most significantly affected by the plant genotype or various pairwise interactions, a linear mixed-effects statistical model was used to perform ANOVA analyses on the normalized gene expression data (Wolfinger et al., 2001) . The following linear mixed-model equation was fit to the data sets: y ijk 5 m 1 a i 1b j 1 a 3 b ij 1 Sijk. In this equation, m represents overall means of genotypes and treatments in our experiments; a represents treatment factors; i 5 1 of 3 treatments: mock, CMV, and ORMV; b represents genotype factors; j 5 1 of 7 genotypes: col-0, ein2-1, eds5-1, jar1-1, npr1-1, NahG, and pad4-1; a 3 b represents interaction of a and b; S represents error factors; and k represents replicate number.
The SAS program version 9 (SAS Institute, Cary, NC) was used to analyze the microarray data using this mixed-effects model. This program was run independently for the 2-DAI and 5-DAI data sets. The null hypothesis was that there was no difference in gene expression among the genotypes. Genes at or below the P , 0.01 threshold were selected as likely to be reliably influenced by plant genotype. This analysis provided sets of 187 and 176 genes at the 2 -and 5-DAI time points, respectively. Additional pairwise comparisons were performed to examine specific relationships between individual treatments across the genotypes (Supplemental Tables III and IV) . To better understand how the expression profiles of the genes were related to each other, these genes were subjected to average linkage-hierarchical clustering using the Cluster program, and the TreeView program was used to display the results (Eisen et al., 1998) .
Quantitative Real-Time PCR Analysis of Virus Accumulation
Quantitative real-time reverse transcriptase (RT)-PCR assays of CMV-Y and ORMV were performed using the iScript One-Step RT-PCR kit with SYBR Green (Bio-Rad) on the iQ Real-Time PCR Detection System (Bio-Rad). Each reaction contained 12.5 mL (reaction mix), 5 pmol of forward and reverse primers, 0.5 mL (RT mix), 1.0 ng RNA template, and RNase free water to 25 mL. Samples were incubated for 10 min at 50°C followed by 40 cycles of 95°C for 10 s and 60°C for 30 s. Relative quantification was performed using the standard curve method, and all relative virus levels were normalized to the quantity of 18S. Normalized virus quantities were averaged for the three biological replicates and Student's t test was used determine if virus quantities in each mutant were significantly different from virus quantities in wild Col-0 leaves (Supplemental Table V) . Primers used for quantitative PCR
